Observations of electric currents flowing in the flying cables of barrage balloons were made during an investigation of the problem of protecting balloons in thundery weather. I t was found th a t charges of the order of coulombs are transferred between balloon cable and air by currents ranging from milliamperes to kiloamperes. The observations give some indications of the distribution of charges in clouds.
I n t r o d u c t i o n
Kites have been associated with the study of atmospheric electricity since the days of Franklin, and the risks involved in handling them in thundery weather have been appreciated since Richmann was killed when repeating Franklin's experiments. During the period 1939 to 1945, kite balloons were used for defence purposes on a large scale, and an investigation of the problems of protecting balloons and crews was begun in 1937. At this time the belief was held th at many balloons had been destroyed through the agency of 'brush discharge', and laboratory experiments in which wet balloon fabrics were set on fire by the passage of a current of the order of 1 mA/cm. width supported the view. The investigation therefore included measure ments down to low values of the current flowing in the balloon cable in order to study the relation between atmospheric conditions, balloon current, and risk of destruction or damage.
Measurements were made at the Balloon Development Establishment, Cardington, with indicating instruments, cathode-ray oscillographs, and magnetic indicators, and in operational balloon barrages with magnetic indicators. The data obtained from widely scattered barrages indicated that destruction of balloons by brush discharge, if existent, was of minor importance, and th at in the large majority of cases damage or destruction could be attributed to lightning strokes involving currents of hundreds of amperes rather than fractions of an ampere.
Some degree of protection against lightning strokes was attempted by mounting a spike 3 m. long above the nose of the balloon. Comparative magnetic indicator measurements suggested th at this protection reduced losses through lightning by a factor of 3 or 4. The highest recorded stroke current survived by a protected balloon was 30,000 amp. Complete protection against lightning strokes could not be hoped for, as two occasions are known on which the flying cable was ' demetal lized'-the vaporization of the steel occurring so quickly th at the hemp core was not scorched.
The investigation was carried out as an urgent service requirement with the equipment available, and not as a scientific experiment. In particular, the balloons in barrages were of necessity flown entirely according to operational requirements. Although the information obtained was adequate for the object in view, more oscillographic equipment would be very desirable for a comprehensive study of discharge currents. The current measurements, nevertheless, appear to be worth recording as a contribution to the study of atmospheric electricity.
The equipment used is described in appendix 1. The data on cable currents are given in some detail in § 2, and discussed in § 3.
. Ca b l e c u r r e n t o b s e r v a t i o n s
The measured currents can be roughly classified as small sustained currents or large transient currents. The former were measured with a microammeter or a recording milliammeter, and the latter with cathode-ray oscillographs. Two oscillo graphs were used, a drum oscillograph giving a record lasting 15 min. of all currents sufficient to cause the deflexion of the focused spot outside a small mask (Lutkin 1937) and a single sweep oscillograph giving a record lasting for a predetermined time up to a maximum of about 10 msec. In addition to these instruments magnetic indicators were used for measuring peak values of currents in the range 500 to 60,000 amp. The equipment is described in detail in appendix 1. I t is convenient to describe the results under the headings of the measuring instruments used to obtain them. The measured values quoted refer to the current flowing down the cable. If the current is due to a cloud charge the charge in the cloud will be of the same polarity as the current flowing down the cable.
2-1. Measurements by microammeter
Fine weather unidirectional currents were less than 100//A in value and sensibly stable. Examples of measurements made during balloon ascents and descents (at a rate of about 60m./min.) are given in figure 1. Measured points were within 5 fiA of the fines drawn, and there was no appreciable difference between observa tions during ascent and descent. Curves 1 and 2 were obtained in calm weather at Lakenheath, curves 3 and 4 in strong winds at Cardington. For curves 1, 2 and 3 the sky was less than 2/10 cloud, for curve 4 there was 10/10 cloud. During the flight to which curve 2 refers a length of 450 m. of light steel cable was trailing from the top of the flying cable during the ascent, but 300 m. of this were removed before the descent with inappreciable effect on the discharge current.
Measurements of the vertical electric field at the ground surface 50 m. to wind ward of the balloon winch were made on the occasions to which curves 3 and 4 refer. The observations relating to curve 3 were about 125 V/m. before the ascent, 95 V/m. with the balloon at its highest point, and 105 V/m. after the descent. The corre sponding figures relating to curve 4 were 35, 70 and 100 V/m. These readings suggest that on these occasions the field measurements with the balloon up were not greatly influenced by the effects of the balloon cable charge and any accumulated space charge. These effects are considered in appendices 2 and 3.
In general, all measuring apparatus was housed in a transportable hut near the balloon winch. Simultaneous measurements of the vertical electric field at this position, and of the current in the flying cable of a balloon flying at 900 m. in fine Discharge currents associated with kite balloons 305 weather with less than 1/10 cloud, are given in figure 2. The observations are differ entiated according to wind speed, and for each voltage gradient and wind speed the upper and lower limits of current observations are shown. There is no close correla tion between current and voltage gradient; some of the fields are negative though all the currents are positive, but the possibility of higher currents does appear greater with stronger fields and also with higher wind speeds. The negative field observations and the effect of wind speed on current are believed to be due to R . D avis a n d W . G. S ta n d rin g 100 m .
F ig u r e 1. V aria tio n of flying cable c u rre n t w ith h eig h t o f balloon.
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V /m . F ig u r e 2. F in e-w ea th er o b serv atio n s of d ischarge c u rre n t a n d v e rtic a l electric field n e a r fo o t o f b alloon cable. H e ig h t of balloon, 900 m . W in d sp eed : • < 15 k m ./h r., x 15 to 30 k m ./h r., A > 30 k m ./h r. accumulated space charge. I t is shown in appendix 3 that this space charge can have a considerable effect on the gradient at ground level. It will also have a limiting effect on discharges especially at low wind speeds.
In thundery weather the balloon at Cardington was usually flown at 600 m. The voltage gradient near the winch was measured with a Kohlhorster-type voltmeter, and a shadow photograph was obtained on a film in fine weather, but on the approach of a charged cloud the reading became very variable, and a record was not obtained. F ig u r e 3. R ecorded cu rren ts preceding strokes to balloon. Figure 3 shows current variations preceding strokes to the balloon. Each record was terminated by a lightning stroke to the balloon, as indicated by the letter S, except on one occasion (figure 3a) when the instrument was out of action 2 min. before the first stroke which was followed by four more within an hour. On most occasions kicks were produced on the milliammeter record by transient currents other than lightning strokes to the balloon-for example, figures 3 a and 3 show R . D avis a n d W . G. S ta n d rin g nearly full-scale kicks with a 100 to 1 shunt on the milliammeter-but on one day (figure 36) no kicks at all were recorded, and no other strokes were heard or seen. Transient activity in figures 3c and 3d is greatest immediately before the first stroke, but in figures 3 a and 3 e it is very much less then than a quarter or half an hour earlier. Most of the milliammeter kicks were not associated with any visible or audible evidence of a lightning stroke. More sustained currents of the order of milliamperes flowing for minutes involved charges of the order of a coulomb. Figure 4 records measurements, also involving coulombs, on days when no light ning was seen and no thunder heard except for a distant rumble at 17.30 hr. on 11 July 1940. Figure 4a showing the passage of 1| coulombs, and figure 46 showing the passage of a similar quantity of opposite polarity, refer to observations under cumulo-nimbus clouds from which no rain was falling. The record in figure 4 c was obtained in continuous rain under what was believed to be low-lying layer cloud, and indicates the passage of 1 coulomb of one polarity followed by 2 coulombs of the other, although nimbo-stratus is not normally associated with the generation of electricity.
Records obtained on two days when there appeared to be considerable lightning activity, although the balloon was not struck, are given in figure 5. Figure 5 refers to the passage overhead of a cumulo-nimbus cloud from which a stroke to ground was observed during the approach of the cloud (corresponding to the kick in the record at 19.25 hr.). The anticipated stroke to the balloon did not occur, but the recorded current indicates the passage to earth of 1^ coulombs positive, followed by 4^ negative, 3 positive, and 1 negative; from 19.36 to 19.56 hr. it was raining-from 19.49 to 19.54 hr. very heavily. Figure 56 indicates another large quantity, 4 | coulombs positive followed by 1 coulomb negative-during this period rain started at 14.31 hr. This record also shows a number of kicks of which that at 13.52 hr. when thunder was heard is smaller than some of the succeeding kicks when it was not heard. 
2-3. Drum-oscillograph measurements
Two records from the drum oscillograph are reproduced in figure 8, but the drum oscillograms on the whole are not suitable for photographic reproduction-for example, the record redrawn in figure 6a occupied 37 cm. in the abscissa! and only 2 mm. in the ordinate direction. Figure 8 a was obtained by applying to the oscillograph the voltage across a non linear resistance in series with the cable. The stroke current rose to 150 amp. negative in about 14 msec., and then was erratic for a few milliseconds with maxima about 600 amp. The resistance was then damaged and no further trace was obtained on the oscillograph, but magnetic indicators showed that the current rose to at least 1600 amp. positive. In figure 86 the current scale is linear, and the record is believed to be complete-the passage of this current was not noted as a 'lightning stroke'.
Four lightning stroke records are redrawn in figure 6. Except for the lower limit of recordable current due to the mask it is believed that a, c and d are complete records. Figure 66 refers to a stroke which subsequently damaged the measuring resistance and produced magnetic indicator observations of 60,000 amp. of opposite polarity. The charges indicated by these oscillograms range from 4 to 16 coulombs. In figure 6 a two alternating time scales are used in order to show the shape of the current bursts-the current exceeded 300 amp. for the whole period of 45 msec. 
R. Davis and W. G. Standring
Records of four other strokes were obtained in which resolution is insufficient for delineation of wave shape. One shows during a period of 60 msec., four negative cur rent surges of maximum value from 50 to 150 amp. and duration from 50//sec. to 1 msec. The same stroke also produced a record of 25,000 amp. negative on the other oscillograph (figure Ig) and gave magnetic indicator readings of 40,000 amp. posi tive. In another stroke a current of 6000 amp. dropped to 3500 amp., each step lasting about 90 //sec. (quantity 1 coulomb). In a third a current of 2000 amp. lasting for about 20 //sec. was followed after 20 msec, by one of 3000 amp. lasting about 60 //sec. (quantity ^ coulomb). In the fourth there were nine surges of current having maximum values from 3500 to 6500 amp. lasting for periods from 10 to 100 //sec. with intervals from 1 £ to 19 msec, (mean 11 msec.) involving a total quantity of about 2| coulombs. As the drum only traverses 0-01 mm./rev., the measured intervals between different parts of one stroke may be in error by multiples of 0-12 sec.
Records were also obtained during storms of a number of smaller currents, between 20 and 200 amp., not associated with observed lightning strokes. These currents could be roughly divided into two types-unidirectional and oscillatory. The fre quency of the oscillatory type was of the order of the natural frequency of the balloon cable, and these currents are believed to occur during a readjustment Ox charge on the balloon cable corresponding to a sudden change in the electric field; they persisted from 0-5 to 2 msec. The unidirectional currents lasted from 0-5 to 50 msec, and involved quantities up to 1 coulomb. They are believed to'be discharges from the balloon or cable into the air, although not apparent to visual observers. The unidirectional currents preponderated when the storm cloud was overhead. is given in figure 8 c. For this stroke magnetic indicator measurements were also obtained and indicated a current of opposite polarity of 40,000 amp. Observations in fine weather with greater sensitivity indicated the presence of oscillatory currents with occasional peaks up to 30 mamp. (balloon height 900m.). The two main frequencies observed, 200 and 78 kc./sec., were ascribed to the influence of radio-transmitting stations a t Droitwich and Rugby. 2*5. Magnetic-indicator measurements Barrage balloons were fitted with magnetic indicators in order to ascertain whether destruction in thundery weather was due to brush discharge or to lightning stroke. Indicators were salved from 135 unprotected balloons which were damaged or destroyed. One current was greater than 60,000 amp. and the balloon cable was vaporized. On fifteen occasions the indicator remanences were inconsistent with the passage of a unidirectional current. In all but fourteen cases the indicators showed that currents greater than 500 amp. were involved, and in six of these fourteen cases the balloon was observed to be struck.
2-4. Single-sweep oscillograph measurements
-----r~--------r 1 -1 -1 0 ' ----------i --1 ---------- ( d)}
Discharge currents associated with Jcite balloons
When protection of barrage balloons against lightning strokes was attempted magnetic indicators were fitted to the protected balloons for examination after thunderstorms. Current indications greater than 500 amp. were obtained on sixtyfive occasions.
The current observations on both protected and unprotected balloons are given in table 1.
A majority (about two-thirds) of the strokes to unprotected balloons were of negative polarity, but there were equal numbers of positive and negative currents above 20,000 amp. The number of high current strokes is too small to draw a definite conclusion, but the observations suggest th at the proportion of positive to negative is greater at the higher current values. Negative strokes to protected balloons were in a minority (about two-fifths). I t is probable th at many of the protected balloons were struck more than once, in which case only the highest currents would be recorded. These results reinforce the suggestion th at the pro portion of positive to negative currents is greater for high than for low currents. 
Characteristics of discharge currents
3T . Effect of flying cable charge on the measurements In a vertical electric field E the potential at a height is Ex. An earthed con ductor, such as a balloon cable, must carry a charge of opposite polarity which neutralizes this potential on all points of the conductor. If the charge on the cable of radius r and height h be K x per unit length at height x, then the potential of the cable at a height a due to this charge is
except near the top of the cable. A charge of Ex per unit length at log (4 A2/r2) -2 height xw ill therefore maintain the cable approximately a t earth potential in a rh field E. The total charge on the cable is K xdx = hKh2.
J o
When the field changes the corresponding change in cable charge involves a current which is included in cable-current measurements. The extensive investiga tions of Wormell (1939) indicated that a field change in the neighbourhood of a lightning stroke of 50,000 V/m. is extremely rare. The cable charge corresponding to this field for a balloon flying at 600 m. (the height at which the balloon was flown at Cardington in thundery weather) is approximately 0-05 coulomb, and the balloon charge considering the balloon as a conductor would be about 0-02 coulomb. I t follows th at in thundery weather observations indicating the passage of quantities greater than 0* 1 coulomb involve the transference of electric charge between cable and air. In fine weather with small field changes the corresponding quantity is proportionately smaller. 3*2. Origin and range of discharge currents Adopting the criterion described in the preceding paragraph it can be seen from the data in § §2-1 to 2-4 that electric charges are transferred between balloon cable and air by currents ranging from a few microamperes persisting for hours to tens of thousands of amperes flowing for a millisecond or less. The higher currents are in general of shorter duration and less frequent occurrence.
The contribution to these currents provided by the ions ordinarily present in the air can be estimated from data obtained by different observers which are in general agreement (Schonland 1932) . Over land the number of ion pairs produced per second is about 10, and their average life as small ions with a mobility of about T5 cm./sec./V/cm. varies from 10 to 60 sec.
If the cable had a uniform density of charge the gradient at a distance r would be say g/r. The velocity of ions would be l-5gjr so that the time ions take to reach the cable from a distance R would be R 2/3g. Taking the life of an ion as could reach the cable from a distance R -,^(180 From the formula in § 3T the mean gradient at the cable surface in a field of 1 V/cm. for a height of 900 m. (the usual balloon height in fine weather during the measurements) and a cable diameter of 5 mm. is 15 kV/cm., so th at at a distance r the mean field is ^-r kV/cm., and the mean value of R is about 8 m. The total number of small ions which can reach the cable per second is therefore about 2 x 1012 and the corresponding current 0-3//A. The current would be proportional to the field and to the square of the balloon height. The contribution of large slow ions would be small in comparison and would not develop for some time. It appears that most of the currents illustrated in figures 1 and 2 cannot be obtained from the ions normally present in the air.
At the extreme top of the cable the charge density assumed in § 3T gives only half the required effect on the voltage. The charge density at the top will therefore be more than twice that assumed, and the gradient at the cable surface will be more than 60 kV/cm. in a field of 1 V/cm. In moving from the cable surface (gradient 60 kV/cm.) to a distance 2-5 mm. awray (gradient 30 kV/cm.), one electron w'ould generate an avalanche of about 1010, and if the field wrere increased 25 % the number of electrons in the a valanche would be about l O22. Photons would also be produced and liberate more electrons at the cable surface, and it is clear th at in the higher field sufficient ions would be generated by collision to provide currents of the order measured, though sufficient data are not available for calculating the currents (the agreement between laboratory and field 'corona constants' inferred by Bruce (1944) is not considered valid).* In fields of 1 V/cm. and below the mechanism is less certain, although since the cable is stranded, and terminated by thinner stranded rigging wires, which may have some sharp points projecting at their end splices, local stresses may be considerably greater than the value quoted.
I t is concluded th at all the currents measured, except the lowest of the fineweather currents, originate in a process of ionization by collision at the balloon cable, ions of one polarity carrying their charge to the cable, ions of the other polarity forming an outward moving-space charge. The polarity of the outward moving-space charge is the same as that of the cable, and the current may be most simply described as a 'discharge' current of this polarity. W ith currents of high value, including those recognized as lightning strokes, electric breakdown of the air is not confined to the vicinity of the cable, but the currents observed must have started by ionization at the cable, and there seems no reason for regarding the discharges as changing in nature at any particular current value over the range from tens of microamperes through milliamperes and amperes to kiloamperes.
3-3. Current in a ' '
The description 'lightning stroke' may be taken to refer to a discharge during which a flash is seen or a noise varying from a long thunder roll to a faint crack is heard. It seems probable that the brightness of a flash is mainly dependent on the maximum current. During the measurements at Cardington several oscillograph observations were obtained of discharges carrying about 100 amp. which were not apparent to visual or aural observers. A few oscillograph observations of less than 1000 amp. corresponded to discharges which were heard and seen and described as 'strokes'. In §2*5 reference is made to six occasions on which, although a balloon was observed to be struck, magnetic indicators gave no evidence th at a current of 500 amp. or more had passed. I t seems probable, therefore, th at the lower limit of discharge currents which are observed as lightning strokes is in the neighbourhood of 500 amp. There seems, however, no justification for drawing a distinction in kind at this or any other particular point in the current range, and discussion will not be limited to discharges which would be called 'lightning strokes'.
Other characteristics of 'strokes' illustrated by the observations are th at one stroke may last 90 msec, and consist of a fairly steady 'continuing' current plus a number of surges, the current may exceed 300 amp. for 45 msec., the surges may be not much greater in magnitude than the 'continuing' current, and a stroke in which the first surge is negative may include a larger positive surge. Some consideration of the current required to vaporize the flying cable may be of interest. I t is estimated th at the cable will vaporize if a current I amp. flows for a time 8 x 106/ / 2 sec. A current of 50 kA would require a duration of 3-2 msec, and involve a charge of 160 coulombs, a current of 100 kA a duration of 0-8 msec, and a charge of 80 coulombs, and a current of 200 kA a duration of 200 sec. and a charge of 40 coulombs. For a charge of 60 coulombs, which appears to be very exceptional (Wormell 1939) , the current required would be between 100 and 200 kA for some hundreds of microseconds. The maximum current might be considerably more than the average and possibly greater than 200 kA.
Discharge currents associated with kite balloons 317 3*4. Location of cloud charges
The general picture of charge distribution in thunderclouds derived by Simpson & Robinson (1941) from potential gradient measurements by free balloon soundings consists mainly of an upper positive charge and a lower negative charge in a region where the temperature is below the freezing-point, and usually, if not always, a smaller positive charge below the negative at a temperature above the freezingpoint. Under the low positive charge they observed positively charged rain and concluded th at this charge was produced by the breaking-drop mechanism.
The discharge currents from kite balloons (flying at a height of 600 m. in thundery weather) provide some evidence for amplifying the description of the possible distribution of the lower charges. The milliammeter records in figures 4 and 5 show positive currents (involving coulombs) of limited duration, the origin of which would be difficult to explain in the absence of a low positive charge of some coulombs. Rapid fluctuations of discharge current suggest that space or cloud charges may be very local and not much higher than 600 m. (balloon height). For example, figure 5 c shows between 16.13 and 16.18 hr. four large relative changes in current magnitude. The wind speed was about 16 km./hr. so that each change corresponds to a cloud movement of about 300 m. A similar phenomenon is shown in figure 6 abetween 19.49 and 19.52 hr. the current changed from maximum negative to maximum positive, while the cloud in a wind of 8 km./hr. moved not much more than 300 m. The probable explanation of these fluctuations seems to be that charges in or below clouds may vary from a maximum of one polarity to zero or a maximum of opposite polarity in distances of the order of 300 m., and that such charges may come within a comparable distance of a balloon flying at 600 m., i.e. the local charges may be less than 1 km. above ground.
The magnetic-indicator measurements give a higher proportion of positive to negative lightning currents than had previously been observed, and also indicate a greater proportion of high magnitudes in positive than in negative currents. The maximum current in a stroke with an upward leader probably depends on the con centration of charge tapped in the cloud. A relatively small, low, concentrated charge which would not produce a stroke to ground might easily excite a leader from a kite balloon at 600 m. It appears reasonable to conclude that a number of strokes to kite Vol. 191 . A. balloons may be from low positive cloud charges, and th at the charge density in the low positive charge is greater than in the negative portion of the cloud.
The positive currents in figures 5 a, 6and c and 4c w would be expected if the positive cloud charge were formed by the breaking-drop mechanism, but no rain fell during the period referred to in figure 46 . The number of kicks in figure 46 , however, suggest that the cloud was actively generating electricity, and possibly the upward air currents were so strong th at water drops were unable to descend as rain.
3 • 5. M echanism discharges In discharges carrying only milliamperes the quantity of electricity involved may come within the ran^e of charges hitherto associated with lighting strokes. Examples have been given of discharges in unsettled weather involving quantities of the order of a coulomb varying from currents of the order of 10 mA flowing for a minute or two (figures 3, 5) to currents of the order of 1000 amp. flowing for a millisecond (figure 7). All these currents are presumably caused by space charges mainly located and generated in clouds, and the quantity of electricity released must be related to the magnitude and distribution of the charge in the cloud. The discharge is more likely to take the form of a high current flowing for a short time or a low current flowing for a long time, according as the cloud charge is concentrated or distributed. If the velocity of the upward moving charge is low it may reduce the propagating field at the cable and cut off the discharge, which, however, may recommence as the released charge moves farther away from the balloon. It seems probable th at the many discharges of 10 to 100 amp., and perhaps the 400 amp. discharge illustrated in figure 86 , are instances of this condition, where the charge from the cable does not actually reach the cloud charge.
All initial upward discharges of either polarity presumably start because the field at the earthed electrode is sufficient to cause ionization by electron collision. The stronger the field the longer i s the avalanche path of electrons before thej' are checked by positive space charge, the greater the field due to the positive ions left behind, and the greater the probability of streamer formation and rapid propagation by the mechanisms envisaged by Loeb & Meek (1941) . Simultaneous measurements of the various quantities involved are required before satisfactory correlation of field, discharge current, and width, luminosity, and rate of propagation of discharge channel can be expected.
By photographic observations, Schonland, Malan & Collens (1935) demonstrated that a discharge from cloud to ground in open country starts from the cloud, and th at its arrival at the ground is followed by a sudden increase of illumination (implying a sudden increase of current) propagated rapidly upwards, the two processes being called leader stroke and return stroke-the initial leader stroke being usually stepped. In observations on fifty-three strokes, all negative, to the Empire State Building, McEachron (1938) identified thirty-six as having initial stepped upward leaders, two as having non-stepped upward initial leaders, and two as having non-stepped downward initial leaders, the remainder being unidentifiable. With upward leaders he found no return stroke, attributing this to the lack of charge immediately available when the leader reached the poorly conducting cloud, in contrast to th at which could be drawn from the relatively highly conducting ground.
In the experiments with a balloon flying at 600 m. it would be expected th at the effect of conductor height would be greater than with the Empire State Building (375 m.), and th at the proportion of strokes initiated by upward leaders would be still higher. Only five of the thirteen oscillograms in figures 6, 7 and 8 (6 a, c, d, and 8 a,b) suggest, from the absence of a sudden increase in current, initiation by upward leaders. I t is possible th at in the other cases the initial leader currents were too small to be recorded, and photographic evidence is probably indispensable in studying leader processes. In four of the five cases mentioned as suggesting upward leaders the recorded currents flowing down the cable were negative, i.e. the balloon cable was the positive electrode. For the currents of the order of 10 to 100 amp. recorded on the drum oscillograph the balloon cable was also the positive electrode in the majority of cases, but in some the negative. These currents should probably also be regarded as upward leaders. While it seems advisable to maintain the con vention of describing the polarity of a stroke by the polarity of the charge brought to earth, it appears desirable when speaking of a leader stroke to describe it by the polarity of the point of origin. In this sense the observations suggest that upward leaders of both polarities are to be expected from a kite balloon, though the majority are likely to be positive. A balloon cable 600 m. long short-circuits an appreciable fraction of the gap between cloud and ground, and strokes to the balloon may occur from cloud charges which are too small or too widely distributed to produce strokes to open ground. The presence of a balloon should thus increase the total number of strokes, and it seems probable that the currents in the additional strokes due to the balloon will be relatively low in magnitude.
Discharge currents associated with kite balloons
In controlled laboratory experiments on discharges between points, Allibone & Meek (1938) found maximum luminosity at the meeting point of upward and down ward leaders and concluded that the 'main stroke' originated here. Presumably the effect is due to the meeting and neutralization of charges of opposite polarity con tained in the two leader channels. If maximum luminosity corresponds to maximum current, and if maximum current occurs during the neutralization of the charge in the leader stroke channel, then in the case of a stroke in which a downward leader nearly reaches the ground the current is a maximum there. A stroke to a balloon, however, probably involves an upward leader of appreciable length, and the maximum current, occurring where the charge in the upward leader is neutralized on reaching the cloud or a downward leader carrying an opposite charge, will not appear at the ground. The current at the earthed electrode would in such cases only be the upward leader stroke current until a conducting channel is established between 21-2 cloud and balloon. The maximum current in the balloon cable would thereafter depend on the magnitude and concentration of the remaining cloud charge. Strokes to a kite balloon flying at 600 m. are thus not likely to be typical of strokes to open ground but will probably contain a greater proportion of low currents, as well as a greater proportion of upward leaders.
R . D av is a n d W . G. S ta n d rin g C o n c l u s io n s
In thundery weather electric charges of the order of coulombs may be transferred between the atmosphere and the flying cable of a kite balloon by currents ranging from milliamperes flowing for minutes to kiloamperes flowing for milliseconds.
If the current in a discharge exceeds 500 amp. an observer would probably recognize the discharge, aurally or visually, as a 'lightning stroke'.
Charge centres of opposite polarity may exist within 300 m. of each other and within 1 km. of the ground.
The proportion of positive to negative discharges appears to be greater at the higher current values.
The low positive charge centres in thunderclouds are probably more concentrated than the negative.
A kite balloon affords very suitable means for observing, in a suitable locality, a large number of strokes in a reasonable time. The strokes to a balloon will probably not be typical of strokes to ground, but they should contain more upward leaders of both polarities, giving opportunity for the study of leader mechanism.
In further study of lightning discharges it is desirable to make simultaneous observations of field and current and of luminosity and speed of propagation of discharge channel. Oscillographs recording current should preferably record continuously and not require to be 'tripped' by a surge, should cover a very wide current range and include a slow speed oscillograph.
The work described was carried out by the Electricity Division of the National Physical Laboratory, on behalf of the Air Ministry and the Ministry of Aircraft Production, by whose permission this paper is published. The authors desire to acknowledge the assistance rendered by Mr Bateman and the staff of the Balloon Development Establishment in the investigation at Cardington, and also the co-operation of R.A.F. personnel in obtaining the data on operational balloons.
A p p e n d i x 1. M e a s u r i n g i n s t r u m e n t s a n d t e c h n i q u e During current measurements the winch from which the balloon was flown wras insulated from the ground by its rubber tyres and the balloon current flowed to earth through indicating instruments and through resistances suitable for providing deflexion voltages for cathode ray oscillograph plates.
The indicating instruments consisted of a d.c. mirror galvanometer with a sen sitivity of 2 cm.//*A, and a d.c. milliammeter with a sensitivity of cm./mA giving a continuous ink record on a paper roll. Suitable shunts were used when necessary to reduce the sensitivity of these instruments.
A non-linear ceramic resistor was first used for the oscillographs but this was damaged by an early stroke, and subsequent measurements were made with noninductive metal resistors.
Two 5 kV sealed off cathode ray oscillographs were used for recording transient currents. One was maintained at full brightness but the undeflected spot was covered by a mask. This oscillograph gave a continuous record of deflexions beyond the mask on a drum camera 1 m. in circumference rotating at 500r.p.m. and traversing 7-5 cm. in 15 min. (Lutkin 1937) . The sensitivity of the drum record was 43 V/mm. in the ordinate direction and 0-12msec./mm. in the time direction. The width of the unrecorded band was + 0 6 mm. The other oscillograph was 'tripped' by the transient and the trace was photographed on a roll film, the time sweep being 10 msec. or less. The record was 50 mm. long in the time direction, and the ordinate sensitivity was 17 V/mm.
An earth connexion of 2 ohms resistance was obtained by laying some copper cable in a wet ditch; the possibility of any other earth connexion was avoided. The. oscillograph resistances mentioned were located at the earth terminal, and connexion to the instruments in a light-tight hut 10 m. away was made by pairs of concentric conductors.
The magnetic indicators consisted of steel strips 5 cm. long in waterproof con tainers. Two indicators were supported at right angles to the flying cable at distances of 10 and 20 cm. Before issue they were demagnetized in a slowly reduced alternating field to a remanence of less than 1-7 Maxwells. From the remanent magnetism of the indicators an estimate could be made of the current which had flowed in the cable over a range from 500 to 60,000 amp. The unidirectional cable currents required to produce the remanences obser ved in the two indicators were obtained by calibration. If the two measurements agreed within the limits of experimental error, the simplest interpretation is that a unidirectional current of the indicated value flowed in the conductor. Disagreement indicated that the stroke was not unidirectional, or that more than one stroke of different polarities had occurred. In such cases the lowest value of initial current, followed by the appropriate reversed current, to give the measured remanence could be found by calibration. There seems, however, no justification for assuming that the simplest explanation for the measured remanence is necessarily the correct one-for example, both indicators may be left practically demagnetized after the passage of a large current followed by a suitable reversed current. The most reliable use of magnetic indicator readings, therefore, seems to be to take the unidirectional current corresponding to the indicator remanence as a lower limit for the conductor current.
